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Abstract
This study investigated the effects of ultrasonic irradiation on the enzymatic hydrolysis of water-soluble cellulose. Two 
types of cellulases (from Aspergillus niger and Trichoderma reesei) were employed for the enzymatic hydrolysis of car-
boxymethyl cellulose (CMC). An assay of the enzymatic hydrolysis of water-soluble cellulose was evaluated based on 
the production of glucose. The optimum set of operating conditions for ultrasonic irradiation involved an ultrasonic 
irradiation power and time of 116 W and 30 min, respectively. The initial reaction rate of enzymatic hydrolysis of CMC 
was increased with ultrasonic pretreatment (116 W) compared to that of the ultrasonication-free system. The kinetic 
parameters (Michaelis–Menten constant; Km and maximum reaction rate; Vmax) were examined to evaluate the reactivity. 
As a result of ultrasonic irradiation, the value of Km was decreased to 0.2 times its original value in the system employing 
A. niger, and to 0.6 times its original value in the system employing T. reesei. Ultrasonication increased the value of Vmax 
to 1.3 times its original value for both cellulases. Moreover, the viscosity of the CMC solution was decreased by ultrasonic 
irradiation, decreasing the activation energy of the reaction and increasing its frequency factor. Ultrasonic irradiation 
can therefore be employed in process design to control viscosity and achieve high-performance enzymatic hydrolysis 
of water-soluble cellulose. Ultrasonication is an effective application for accelerating enzymatic hydrolysis of cellulose 
and design lower energy industrial processes for cellulose degradation.
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List of symbols
A  Frequency factor (Pa s)
c  CMC concentration for the measurement of 

viscosity (g/L)
C  Glucose concentration (mol/L)
E  Activation energy (J/mol)
Km  Michaelis constant (g/L)
Ir  Ultrasonic irradiation power (W)
MWapp  Apparent mean molecular weight of CMC (g/

mol)
r  Reaction rate (mol/L s)
R  Gas constant [J/(mol K)] = 8.3 [J/(mol K)]
T  Temperature (K)

Vi  Initial reaction rate (mol/L s)
Vmax  Maximum reaction rate (mol/L s)

Subscripts
0  Initial concentration, used in  [E0] (g/L) and  [S0] 

(g/L) for the enzymes and the CMC solution, 
respectively

Greek symbols
μ  Viscosity of sample (Pa s)
⌀  Diameter of ultrasonic device (cylindrical 

shape) (cm)
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1 Introduction

Lignocellulosic biomass is an abundant carbohydrate 
source on earth. Cellulose and hemicellulose comprise up 
to two-thirds of the lignocellulosic biomass [1–3]. Cellu-
losic is strategically important naturally occurring polymer 
with significant applications in food and biotechnology 
processes. Cellulose is a long-chain polymer of glucose 
monomers linked by β-1,4 glyosidic bonds. Cellulose from 
different sources may be differing in the crystalline struc-
tures and binding characteristics. Carboxymethyl cellulose 
(CMC) is the model compound most commonly used in 
recent research because it has a generally amorphous 
structure.

Carboxymethyl cellulose (CMC) is a common water-
soluble cellulose derivative. It has been widely used in 
the food and cosmetic industries as a viscosity modifier 
and in the mineral industry as a modifier in flotation pro-
cesses. Furthermore, in the biomedical field, it has been 
employed for the prevention of post-operative adhesions 
and epidural scarring [4–6]. For use in these applications, 
CMC needs to be depolymerized to improve or modify its 
physical properties. The physical properties of polysac-
charides such as CMC depend on their molecular weight 
and viscosity. It is therefore important to develop effective 
methods for obtaining polymers with the lower molecu-
lar weight and viscosity. The enzymatic decomposition of 
polymers has been widely studied. However, conventional 
enzymatic methods have a slow reaction rate. Recently, 
the use of ultrasonication in enzymatic reactions has been 
extensively studied, and ultrasound has also shown sig-
nificant applications in food and biotechnology processes.

Ultrasound is a mechanical wave with a frequency 
between 10 kHz and 20 MHz [7]. It can impart high impart 
high energy to a reaction by cavitation, which can improve 
the reaction in several ways. Ultrasonication is expected 
to have the following benefits for enzymatic reactions; (1) 
controlling of the viscosity of polymer solutions; (2) avoid-
ing harmful products that are not conducive to enzymatic 
reaction; (3) avoiding the use of chemical reagents that 
may pollute the environment or corrode the equipment; 
and (4) full utilization of the reaction materials, which 
avoids waste or pollution [8].

The main object of this work was to clarify the effects of 
ultrasonic irradiation on the viscosity and the enzymatic 
depolymerization of high-molecular weight CMC. We 
examined the viscosity of CMC and the reaction rate of 
enzymatic hydrolysis under different ultrasonic irradiation 
power levels. The reactivity of the enzymatic hydrolysis of 
cellulose pretreated by ultrasonic irradiation was evalu-
ated using kinetic data.

2  Experiments

2.1  Materials

CMC and two kinds of cellulases (from Aspergillus niger and 
Trichoderma reesei) were purchased from Sigma-Aldrich, 
Inc. (St. Louis, MO, USA). Acetic acid, sodium acetate, and 
sodium chloride were purchased from Wako Pure Chemi-
cal Industries, Ltd. (Osaka, Japan).

2.2  Methods

2.2.1  Enzymatic hydrolysis of water‑soluble cellulose 
with ultrasonication

The initial concentrations of the CMC solutions  ([S0]) were 
2.5–10 g/L. A volume of 100 mL of each concentration was 
prepared. The initial concentration of the cellulase solu-
tion  ([E0]) was 5 g/L, and a volume of 10 mL was prepared. 
Both solutions were prepared using a 0.2 mol/L-acetate 
buffer (pH = 4.8). Ultrasonic irradiation at a frequency of 
24 kHz was directly delivered to the CMC solution using a 
horn-shaped cylindrical device (UP200S, Hielscher Ultra-
sonic GmbH, Germany). The cross-sectional area of the 
ultrasonic horn was 153 mm2. The guaranteed maximum 
surface power intensity was 1.3 W/mm2. The output was 
controlled at 20%, 40%, or 60% of the maximum output. 
The applied ultrasonic irradiation power (Ir) was therefore 
39 W, 77 W, or 116 W. The cylindrical radiating tip [diameter 
(φ) = 14 mm] was placed into the CMC solution, which was 
cooled to 283 ± 2 K.

The CMC solution was irradiated without enzyme for 
30 min. After ultrasonic irradiation, the enzymatic reaction 
was initiated by adding the cellulase solution to the CMC 
solution at 310 K. The enzymatic reaction was conducted 
in the absence of ultrasonic irradiation. Samples (20 μL) 
were taken from the reaction solution and immediately 
heated by immersion in boiling water for 1 min to stop fur-
ther enzymatic reaction by heat inactivation. The sampling 
time was determined as the time when the heat inactiva-
tion of the enzyme was complete.

The reaction progress was determined based on the 
production of glucose in the CMC solution. The mutaro-
tase–glucose oxidase method was employed to deter-
mine the glucose concentration. The glucose concentra-
tion was examined calorimetrically using Glucose C2-Test 
Wako (purchased from Wako Pure Chemical Industries, 
Ltd., Osaka, Japan), a special reagent kit for quantitatively 
analyzing glucose. The absorbance was measured using 
a spectrophotometer (505 nm; UV mini-1240, Shimadzu, 
Kyoto, Japan).
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2.2.2  Measurement of the viscosity of the water‑soluble 
cellulose solution

The concentrations of the CMC solutions were in the 
range 2.5–10 g/L (100 mL). The solutions were prepared 
using a 0.2 mol/L-acetate buffer (pH = 4.8). The ultrasonic 
irradiation power applied into the CMC solution was 
39 W, 77 W, or 116 W. The CMC solution was then cooled 
to 283 ± 2 K. The CMC solution was irradiated for 30 min. 
After ultrasonic irradiation, the viscosity of the CMC solu-
tion was measured with a tuning-fork vibro-viscometer 
(SV-1A, A&D Co., Ltd., Japan) over a temperature range 
of 283–333 K.

The mean molecular weight of CMC was determined 
from the intrinsic viscosity ([μ]). Three different empirical 
equations (Huggins’s equation and Mead–Fuoss equa-
tion) were employed to measure the intrinsic viscosity.

Huggins’s equation was also employed for the analysis 
of the intrinsic viscosity [μ]:

Mead–Fuoss equation was also employed for the 
analysis of the intrinsic viscosity [μ]:

The intersection on the ordinate indicated the intrin-
sic viscosity ([μ]) of CMC.

3  Results and discussion

3.1  Influence of the enzymatic hydrolysis 
of water‑soluble cellulose by ultrasonication

Figure 1 shows the time course of glucose production by 
enzymatic hydrolysis of CMC with ultrasonication using 
the two kinds of cellulases. The measurements were car-
ried out in triplicate, and the figure presents the arithmet-
ical mean values. The glucose production of the system 
employing A. niger increased more rapidly than that of the 
system employing T. reesei. This could be explained by the 
different hydrolysis reaction mechanisms acting on the 
cellulose molecular chains [9]. The cellulase from A. niger 
contains more β-glucosidase, which hydrolyzes oligosac-
charides to glucose. An assay of the enzymatic hydrolysis 
of CMC was evaluated based on the production of glucose. 
As a result, it was speculated that glucose production in 
the system employing A. niger would be more effectively 
enhanced than in the system employing T. reesei.
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Figure 2 shows the effect on the initial reaction rate 
(Vi) of changing the ultrasonic irradiation power before 
the enzyme reaction. When A. niger and T. reesei were 
used alone, Vi increased with increasing ultrasonic irra-
diation power. Figure 3 shows the effect of the ultra-
sonic power on the kinetic parameters. The maximum 

Fig. 1  Typical time course of enzymatic hydrolysis of CMC with 
ultrasonication.[S0] = 5  g/L,  [E0] = 5  g/L,  Ir = 39  W, irradiation 
time = 1800 s

Fig. 2  Effect of ultrasonic irradiation power on the initial reaction 
rate using two different types of cellulase.  [S0] = 5  g/L,  [E0] = 5  g/L, 
irradiation time = 1800 s
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reaction rate (Vmax) and the Michaelis constant (Km) for 
glucose production were calculated using Hanes –Woolf 
plot as follows. The value of  [S0]/Vi was plotted against 
 [S0] for reactions using the two cellulases (from A. niger 
and T. reesei) and ultrasonic irradiation pretreatment. 
According to Eq. (3), the intersection of the vertical axis 
indicates Km/Vmax, and the slope of correlated line pre-
sents 1/Vmax.

For both cellulases, Km decreased with increasing ultra-
sonic irradiation power. This is probably due to the intense 
pressure or shear forces that are generated as a result of 
cavitation. Exposure of the active site causes the enzyme 
to combine with the substrate and increase the reac-
tion rate. These explanations are based on the different 
hydrolysis reaction mechanisms acting on the cellulose 
molecular chains. The value of Vmax was slightly increased. 
With an increase in the ultrasonic power, the amount of 
cavitation increases, producing a strong physical effect 
on the activation of the adsorption mechanism. Ultra-
sonic waves expand the separation between the network 
chains of the CMC molecules in the solution and enhance 
the access of the enzyme to the substrate. A loosening of 
the polymer network in the dissolved substrate molecules 
increases the effective steric clearance per unit substrate 
that is available for the enzyme to act.
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3.2  Influence of the viscosity of water‑soluble 
cellulose solution

Figure 4 shows the effect of the concentration of the CMC 
solution on its viscosity, with ultrasonic irradiation pow-
ers of 39 W, 77 W, or 116 W for 30 min. To obtain the mean 
molecular weight of CMC, the arithmetic mean value of 

Fig. 3  Relationship between the kinetic parameters (Vmax and Km) and the ultrasonic irradiation power. (filled square) from A. niger. (filled 
circle) from T. reesei 

Fig. 4  Effect of the CMC concentration on its viscosity with ultra-
sonication. Concentration = 2.5 to 10 g/L, Ir = 0 to 116 W, irradiation 
time = 1800 s
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the intrinsic viscosity is substituted into the Mark–Hou-
wink–Sakurada equation.

The Mark–Houwink–Sakurada equation was employed 
using the empirical parameters K = 1.23 × 10–2 and α = 0.91 
[10].

Figure 5 shows the apparent mean molecular weight 
of CMC  (MWapp), which decreases with increasing ultra-
sonic irradiation power. We hypothesize that the CMC mol-
ecules do not decompose upon ultrasonication because 
the ultrasound output energy is only 70–209 kJ, which is 
lower than that of a covalent bond [11]. Instead, a decrease 
in the apparent mean molecular volume of CMC suggests 
that the networks of CMC molecular chains were weak-
ened by cavitation due to ultrasonic irradiation.

Measurements were carried out in triplicate, and the 
arithmetical mean values are plotted in Fig. 6. The viscos-
ity of the solution increased with increasing CMC concen-
tration both with and without ultrasonication. A previous 
report suggested that it is difficult to produce cavitation 
in these solutions because of the existence of strong cohe-
sive forces [12]. It has been reported that the viscosity of 
a carboxymethyl cellulose and polyvinyl alcohol solution 
decreases with increasing polymer concentration [13]. In 
the case of a high CMC concentration (10 g/L), the viscosity 
of the solution with ultrasonic irradiation (116 W) was 0.3 
times that of the non-irradiated solution. Ultrasonic irra-
diation therefore effectively reduces the viscosity of CMC. 
With increasing ultrasonic irradiation power, the number 

(4)
[

μ
]

= K(MW)�

of cavitation bubbles also increases, giving a stronger 
cavitation effect and producing higher shear forces on col-
lapse. It has been reported that the viscosity of an HDPE/
IIIite solution decreased with increasing ultrasonic power 
[14].

The temperature dependence of the viscosity of a liquid 
is given by the Andrade equation [15]:

where A (Pa s) is the frequency factor, E (J/mol) is the acti-
vation energy, R is the gas constant [8.3 J/(mol K)], and T 
(K) is the heating temperature.

Figure 7 shows that the temperature dependence of the 
viscosity of the CMC solution closely follows the Andrade 
equation. The frequency and activation energy are 
deduced from the intercept and slope of this plot, respec-
tively. The activation energy (E) decreases with increasing 
ultrasonic power. Figure 7a shows that ultrasound signifi-
cantly decreases the energy barrier necessary for the reac-
tion. The value of E with ultrasonic pretreatment at 116 W 
was 0.7 times the value in the untreated system. In this 
figure, the value of E is similar to the energy of a hydrogen 
bond (5–30 kJ) [16].

The energy input form ultrasonication was 209  kJ 
(= 116 W × 1800 s). Part of this energy influences the reduc-
tion of hydrogen bonding. The value of E represents the 
energy between the molecular chains necessary for the 
movement of the molecules in the liquid. When E is high, 
the intermolecular forces between the molecular chains 

(5)� = A ⋅ e
E

RT

(6)ln� = lnA + E∕(R ⋅ T )

Fig. 5  Effect of apparent mean molecular weight on ultrasonic irra-
diation power measured by the Mark–Houwink–Sakurada equation

Fig. 6  Viscosity of CMC plotted against reciprocal temperature
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are large. Macromolecular chains, e.g., proteins and fats, 
tend to become entangled [17]. The frequency factor (A) 
increases with ultrasonic irradiation (Fig. 7b). Here, A rep-
resents the degree of free volume in which the molecule 
can flow. Therefore, the reduction in E and the increase in A 
due to ultrasonic irradiation are attributed to the decrease 
in the intermolecular forces in the CMC molecular chains, 
disentangling them and increasing the space in which the 
molecules can move.

4  Conclusion

We successfully demonstrated control of the viscosity 
of water-soluble cellulose and the enhancement of its 
enzymatic degradation rate using ultrasonication. Ultra-
sonication increased glucose production in the system 
employing A. niger. The initial reaction rate Vi of the sys-
tem employing A. niger was 1.5 times higher than that of 
the system employing T. reesei. The kinetic parameters of 
enzymatic hydrolysis were influenced by the ultrasonic 
pretreatment. The Michaelis constant Km was reduced 
to 0.2 times its original value in the system employing 
A. niger and 0.6 times its original value in that employ-
ing T. reesei. The maximum reaction rate Vmax slightly 
increased in both systems.With this approach, both the 
reaction rate and yield increased in the system employ-
ing A. niger. These results can be explained based on the 
different hydrolysis reaction mechanisms of A. niger and 
T. reesei.

The viscosity of the CMC solution and the apparent 
mean molecular weight of CMC decreased with increas-
ing ultrasonic irradiation power. Ultrasonic irradiation 
clearly reduced the viscosity, and the degree of this reduc-
tion depended on the concentration of the solution. With 
increasing ultrasonic irradiation power, the activation 
energy decreased, and the frequency factor increased. 
Ultrasonic irradiation can therefore be employed in pro-
cess design to control the viscosity of these solutions and 
achieve high-performance enzymatic hydrolysis of water-
soluble cellulose.
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